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Abstract Lauryl sulfate inhibits the v~WH
+-dependent reverse
electron transfer reactions catalyzed by NADH:ubiquinone oxi-
doreductase (Complex I) in coupled bovine heart submitochon-
drial particles and in vesicles derived from Paracoccus denitri-
¢cans. The inhibitor a¡ects neither NADH oxidase (coupled or
uncoupled) nor NADH:ferricyanide reductase and succinate ox-
idase activities at the concentrations that selectively prevent the
succinate-supported, rotenone-sensitive NAD+ or ferricyanide
reduction. Possible uncoupling e¡ects of the inhibitor are ruled
out: in contrast to oligomycin and gramicidin, which increases
and decreases the rate of the reverse electron transfer, respec-
tively, in parallel with their coupling and uncoupling e¡ects,
lauryl sulfate does not a¡ect the respiratory control ratio. A
mechanistic model for the unidirectional e¡ect of lauryl sulfate
on the Complex I catalyzed oxidoreduction is proposed.
* 2003 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction
The energy-transducing membrane-bound NADH:ubiqui-
none oxidoreductases, usually termed Complex I for the mi-
tochondrial enzyme or NDH-1 for prokaryotes, catalyze oxi-
dation of NADH coupled with vectorial translocation of four
protons per two electrons transferred to the quinone-acceptor
[1]. It has been established many years ago that the enzyme in
intact mitochondria [2,3] or in coupled submitochondrial par-
ticles (SMP) [4] operates reversibly, i.e. when energy is pro-
vided by aerobic succinate oxidation or by ATP hydrolysis
Complex I catalyzes the rotenone- and/or uncoupler-sensitive
ubiquinol:NADþ oxidoreduction (reviewed in [5]). Recently,
several Complex I-speci¢c inhibitors have been reported to
show di¡erent e⁄ciency in inhibition of the forward
(NADH:quinone reductase) or reverse (v~WHþ -dependent
quinol:NADþ reductase) reactions [6^9]. ADP-ribose, a com-
petitive inhibitor of NADH oxidation does not a¡ect the re-
verse reaction, thus suggesting that di¡erent binding sites for
NADH and NADþ participate in these reactions [6]. Direc-
tion-speci¢c e¡ects have been also documented for the qui-
none-junction site-directed inhibitors, rotenone [7,8] and Tri-
ton X-100 [9]. The ‘unidirectional’ e¡ects of the inhibitors
cannot be accounted for by possible change of their a⁄nity
for the energized or de-energized enzyme since their Ki values
are the same for coupled or uncoupled NADH oxidation [10].
The hypothesis has been put forward that di¡erent electron
transfer pathways operate in the forward and reverse reac-
tions catalyzed by Complex I [11]. If correct, this hypothesis
predicts that inhibitors must exist, which speci¢cally a¡ect the
reverse reaction. A systematic search for such inhibitors has
been undertaken in our laboratories. Here we present data
showing that lauryl sulfate (LS) is a speci¢c inhibitor of the
reverse electron transfer catalyzed by Complex I in tightly
coupled membranous preparations derived from mitochondria
and bacteria.
2. Materials and methods
Bovine heart SMP [12] and coupled Paracoccus denitri¢cans vesicles
[13] were prepared according to the published procedures. SMP were
arti¢cially coupled by preincubation of the stock suspension (5 mg of
protein per ml in 0.25 M sucrose, 50 mM Tris^Cl, pH 8.0, 0.2 mM
EDTA, 0.1 mM malonate) with oligomycin (0.5 Wg per mg of protein)
for 30 min at 30‡C. A typical preparation catalyzed uncoupled aerobic
oxidation of NADH and succinate at rates of 1.0 and 0.5 Wmol/min
per mg of protein with the respiratory control ratio (RCR) of 6.5 and
2.5, respectively. Uncoupled NADH and succinate oxidase activities
of P. denitri¢cans vesicles were 1.0 and 0.4 Wmol/min per mg of pro-
tein with RCR of 4.5 and 1.8, respectively. Before initiating the cata-
lytic assays Complex I in SMP was activated by aerobic oxidation of a
small amount (10^20 WM) of NADH [12]. NADH oxidase, succinate
oxidase, NADH:ferricyanide reductase, and succinate-supported re-
verse electron transfer activities were measured at 25‡C in a standard
reaction mixture comprised of 0.25 M sucrose, 50 mM Tris^Cl3, and
0.2 mM EDTA (pH 8.0). Succinate oxidase activity was assayed with
an oxygen electrode. NADH/NADþ oxidoreduction was measured
photometrically at 340 nm (O340 = 6.22). Additions to the standard
mixture (substrates and speci¢c inhibitors) and experimental details
are indicated in the legends to the ¢gures. Protein content was deter-
mined with biuret reagent using bovine serum albumin as the stan-
dard. All ¢ne chemicals were from Sigma. Two batches of LS (sodium
dodecyl sulfate), one from Serva and the other one from Helicon,
were used. The results obtained with either sample were identical.
3. Results
Fig. 1A shows the titration of various enzymatic activities
of SMP by of LS. At a given protein content in the assay
mixture LS inhibits the succinate-supported v~WHþ -dependent
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reduction of NADþ or ferricyanide (reverse electron transfer)
whereas neither uncoupled succinate oxidase nor uncoupled
NADH oxidase activity was signi¢cantly altered by the inhib-
itor within the concentration range employed. The inhibitory
e¡ect of LS was protein content-dependent, i.e. the more pro-
tein added to the assay mixture the higher the apparent I50
observed, although the titration pattern as depicted in Fig. 1A
was the same (data are not shown). Slight (about 20%) inhi-
bition of NADH oxidase by LS was persistently observed for
SMP preparations (Fig. 1A, curve 2). The most likely reason
for this is that small fraction of Complex I remained in the de-
activated form even after prepulsing with NADH [11] and LS
might a¡ect the slow de-active/active transition. This phenom-
enon was not further investigated in the present studies. The
speci¢c inhibition of Complex I-mediated reverse electron
transfer by LS was also evident for coupled P. denitri¢cans
vesicles (Fig. 1B). The inhibitory e¡ect of LS on the reverse
electron transfer reaction might not seem surprising since any
compound which would decrease v~WHþ , e.g. an uncoupler, is
expected to result in the e¡ects similar to those depicted in
Fig. 1. The ATP/ADP carrier-mediated uncoupling e¡ect of
LS (90^160 nmol/mg of protein) on rat heart [14], liver, and
skeletal muscle mitochondria [15] has been reported, although
other authors found no decrease of the membrane potential
by LS in rat liver mitochondria oxidizing malate/glutamate
(120 nmol/mg of protein) [16]. Thus, possible uncoupling ef-
fects of LS were scrutinized. The experiments presented in
Fig. 2 show that LS does not a¡ect coupled respiration with
succinate thus leaving RCR constant. Another explanation
for the speci¢c e¡ect of LS on the reverse electron transfer
is the possibility of a threshold in v~WHþ required for the re-
verse electron transfer reaction. It could be expected that a
slight decrease of v~WHþ , which is undetectable in the RCR
measurement is su⁄cient for substantial inhibition of the re-
action. To test this possibility gradual titration of the initial
rate of the reverse electron transfer and RCR was carried out
with oligomycin as a ‘coupling’ e¡ector and with gramicidin
as an uncoupler. The titration patterns showed that the stim-
ulating e¡ect of oligomycin on the rate of NADþ reduction
and the increase of RCR quantitatively coincided (Fig. 3A).
The same quantitative correlation between the two parameters
was evident for titration by gramicidin (Fig. 3B). These ¢nd-
ings are in contrast to the e¡ect of LS (Fig. 2). Thus the
speci¢c unidirectional inhibition of the reverse electron trans-
Fig. 1. E¡ect of LS on various enzymatic activities of bovine heart SMP and P. denitri¢cans vesicles. A: SMP were arti¢cially coupled by treat-
ment with oligomycin as described in Section 2 and their uncoupled succinate oxidase (F, curve 1), uncoupled NADH oxidase (E, curve 2), ro-
tenone-sensitive succinate-supported ferricyanide reduction (a, curve 3), and aerobic succinate-supported NADþ reduction (b, curve 4) were as-
sayed. The concentrations of the substrates were: succinate, 10 mM; NADH, 100 WM; NADþ, 5 mM; ferricyanide, 0.1 mM. Gramicidin D
(0.2 Wg/ml) was added as an uncoupler. Protein content in the assay mixture was 25 Wg/ml for curves 2, 3, 4 and 50 Wg/ml for curve 1. 100%
activity corresponds to 1.05 Wmol of NADH oxidized (curve 2), 0.24 Wmol of ferricyanide reduced (curve 3), 0.11 Wmol of NADþ reduced
(curve 4) and 0.46 Wmol of succinate oxidized per min per mg protein (curve 1). B: Uncoupled NADH oxidase and aerobic succinate-supported
reverse electron transfer activities of P. denitri¢cans vesicles were assayed in the standard reaction mixture containing 1 mM MgCl2 as described
in (A). 15 mM ammonium acetate and 0.2 Wg/ml of gramicidin were added for uncoupling. Thirty WM LS was present where indicated. Protein
content in the assay mixture was 100 Wg/ml. Hundred percent activity corresponds to 1.0 Wmol of NADH oxidized (or 0.1 Wmol of NADþ re-
duced) per min per mg protein.
Fig. 2. Titration of the reverse electron transfer activity (b) and
RCR (a) by LS. SMP were coupled by oligomycin as described in
Section 2 and their aerobic succinate-supported NADþ reduction
activity was assayed as described in Fig. 1. RCR was determined as
the ratio between uncoupled succinate oxidase activity in the pres-
ence of gramicidin D (0.2 Wg/ml) and coupled succinate oxidase (no
gramicidin was added). The protein content in the assay mixture
was 50 Wg/ml. The speci¢c activities are indicated in Fig. 1.
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fer by LS cannot be attributed to its uncoupling e¡ect. The
apparent contradiction between our failure to see any uncou-
pling e¡ect of LS on inside-out particles (Fig. 2) and slight
LS-induced, carboxyatractylate-sensitive uncoupling observed
in intact mitochondria [14,15] can be attributed to di¡erent
orientations of the ATP/ADP carrier in di¡erent preparations.
4. Discussion
Numerous compounds of great diversity in their chemical
structure are known to be more or less speci¢c inhibitors of
ubiquinone reduction by Complex I [17^19]. Most of them are
either very hydrophobic, such as piericidin [20,21] and rote-
none [7], or amphiphilic, such as Triton X-100 [9], n-alkyl
polyoxyethylenes [22] and fatty acids [23]. A⁄nity labeling
[24,25] and mutational analysis [26^28] suggest that the inhib-
itors bind to relatively large cavity formed by ND-1 (NUO-
H), PSST (NUO-B) and 49 IP (NUO-D) subunits and located
at or close to the interface between the membrane and the
peripheral part of Complex I. When rotenone or piericidin,
the inhibitors most commonly used as a tool to dissect Com-
plex I activity in the respiratory chain, is added in excess over
the enzyme content both the forward and reverse reactions are
blocked. However, closer quantitative examination has re-
vealed that these inhibitors show directional speci¢city [7^9].
The simplest explanation for the phenomenon is that di¡erent
sites for quinone reduction and quinol oxidation operate in
the forward and reverse electron transfer reactions [11]. This
explanation may also hold for the unidirectional e¡ect of LS
as described in this report, although it is hard to reconcile
with the very simple chemical structure of the inhibitor.
Here we would like to propose a mechanism for the unidirec-
tional inhibition based on asymmetric modi¢cation of the
membrane surface by LS. We assume that strongly acidic
LS does not penetrate the membrane and occupies exclusively
the outer lea£et of the phospholipid bilayer. The presence of a
negative charge in close proximity of an iron^sulfur cluster
(most likely N-2) located at the interface is expected to de-
crease its midpoint redox potential thus making its v~WHþ -de-
pendent reduction by ubiquinol unfavorable. This would re-
sult in inhibition of the reverse electron transfer. It has been
reported that iron^sulfur cluster N-2 is about 50% reduced
under steady-state aerobic succinate-supported reverse elec-
tron transfer, whereas it is almost completely reduced under
steady-state NADH oxidation [29,30]. Thus, it is expected
that a slight change of the midpoint redox potential of N-2
would dramatically a¡ect the rate of the reverse reaction with-
out a signi¢cant e¡ect on the rate of NADH oxidation. A
number of testable predictions follow from this model. (i) LS
should a¡ect the midpoint redox potential of N-2 in inside-out
SMP and bacterial vesicles. (ii) LS is expected to have no
inhibitory e¡ect on the reverse electron transfer catalyzed by
intact mitochondria. (iii) Positively charged amphiphilic com-
pounds analogous to LS should either stimulate the reverse
electron transfer or not a¡ect the reaction. These predictions
are currently under investigation in our laboratories. It is
worth noting that in light of the ¢ndings reported here asym-
metric distribution of the acidic phospholipids between the
outer and inner lea£ets of the coupling membrane may be
an important factor controlling the rate of the reverse electron
transfer catalyzed by Complex I. Although the physiological
signi¢cance of this reaction in mammalian mitochondria is
not clear, its important role in supplying the reducing equiv-
alents for CO2 ¢xation in Rhodobacter capsulatus has been
documented [31,32].
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